ABSTRACT: This study was to test our hypothesis that flexor tendon reconstruction with an allograft revitalized with bone marrow stromal cells (BMSCs) and synovialized with carbodiimide derivatized autologous synovial fluid (cd-SYN) would result in better digit functional restoration than the conventional allograft tendon. A total of 32 flexor digital profundus tendons from the second and fifth digit of 16 dogs were created a repair failure model first. Then, failed-repaired tendons were reconstructed with either a revitalizedsynovialized allograft tendon or a clinical standard autograft tendon (control group). The allograft tendon was seeded with autologous BMSCs in multiple slits and the graft surface was coated with cd-SYN. A 6 weeks after tendon reconstruction, the digits were harvested and evaluated for digit function, adhesion status, tendon gliding resistance, attachment strength, cell viability, and histologic factors. The allograft group had significantly improved digit function compared with the control group through decreased work of flexion, increased digit range of motion under 2-Newton force, and less adhesion score (p < .05). However, the distal attachment-site strength and stiffness in the allograft tendon were significantly weaker than the autografts (p < .05). No significant difference was found for gliding resistance. Histologically, allograft tendons coated with allograft had smoother surfaces and showed tendon-to-bone and tendon-to-tendon incorporation. Viable BMSCs were found in the tendon slits 6 weeks after the graft. In conclusion, cellular lubricant-based modification of allograft tendons improved digit function and reduced the adhesions compared with autograft for flexor tendon reconstruction. However, improvement of graft-to-host tendon healing is still challenging. ß
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. However, flexor tendon reconstruction is the primary surgical procedure for restoring tendon function if the direct repair fails because of severe adhesions or repaired tendon ruptures, which occurs in an estimated 10-30% of cases. [2] [3] [4] Flexor tendon reconstruction is also performed when the injured flexor tendon cannot be repaired directly because of a large tendon defect or when the time interval following tendon injury exceeds the window in which repair is possible. Crush injuries, accounting for approximately 30% of all hand injuries, 5 are often associated with severe tendon damage, which is also an indication for tendon grafting.
Flexor tendons are classified as intrasynovial tendons, which have a smooth surface and better durability against abrasion than extrasynovial tendons, [6] [7] [8] the clinical standard tendon graft. Clinical and experimental studies have demonstrated that autograft with intrasynovial tendons resulted in less adhesion formation and better digit functional restoration than extrasynovial tendons. 6, 9, 10 However, the availability of auto-intrasynovial tendons is limited because of severe donor morbidity.
Allograft tendon, recently has become an attractive alternative for tendon or ligament reconstruction for several meritorious reasons including abundant availability, potential off-the-shelf access, absence of donor morbidity, expedited operations, and cost reduction. 11, 12 Ability to match graft tissue and size is another advantage of allografts, especially when used for flexor tendon applications. A decellularized allograft is less immunogenic, better tolerated, and as effective as an isograft. [13] [14] [15] Allografts maintain the native tendon mechanical properties with the convenience of immediate availability. 16, 17 However, flexor tendon allografts must also possess a smooth gliding surface for functional performance. Unfortunately, decellularization and lyophilization procedures degrade tendon surfaces, leading to diminished advantages of intrasynovial allograft compared with extrasynovial tendon. 18 Moreover, slow revitalization and delayed conjunction healing due to the acellular nature of allografts present a great hurdle that hinders allograft application, although allografts are frequently and increasingly used for anterior cruciate ligament reconstruction. 12, 17, [19] [20] [21] Clearly, strategies to enhance allograft tendon surface properties and increase the time of allograft turnover are clinically needed for flexor tendon reconstruction.
In this study, we developed a novel intrasynovial allograft tendon revitalized with autologous bone marrow stromal cells (BMSCs) to stimulate tendon healing and regeneration. Further, we synovialized the allograft tendon with carbodiimide derivatized autologous synovial fluid (cd-SYN) to improve tendon gliding ability. We hypothesized that this revitalized, synovialized allograft would improve the functional outcomes for flexor tendon reconstruction compared with clinically conventional autograft tendons. To test our hypothesis, canine flexor tendons were used with a clinically relevant tendon repair failure model.
MATERIALS AND METHODS

Study Design and Procedure
In total, 16 mixed-breed dogs each approximately 1 year old and weighing approximately 20 kg. To eliminate some confounding factors, such as gender, size of dog paw, and dog behavior, only female dogs were used in this study. The dogs were housed in a single cage located in the animal facility in our Comparative Medicine Department under the guidance of institute for laboratory animal research (ILAR). Our institutional animal care and use committee (IACUC) approved the study. A failed flexor digitorum profundus (FDP) repair with a scar digit model was created in the second and fifth digits in a randomly selected right or left paw before FDP tendon reconstruction. 22, 23 Following tendon repair failure, bone marrow was harvested for BMSCs culture. A 6 weeks afterward, a single-stage reconstruction was performed either using the peroneus longus tendons harvested from hind limb for autograft or revitalized and synovialized FDP tendon allograft. The allograft tendon was seeded with BMSCs (5Â10 5 cells/slit) and then treated with cd-SYN that was collected from the knees. 18 The BMSCs of two dogs were labeled with DiI before seeding. We used our newly designed graft repair techniques 24, 25 in this study. Following tendon reconstruction, a passive synergistic therapy was performed at postoperative day 5 and for 6 weeks. A 6 weeks after tendon reconstruction, the dogs were humanely sacrificed. The digits in each group were mechanically assessed, including the work of flexion for functional evaluation, tendon friction for gliding ability, and tensile strength at the repair sites for conjunction healing capacity. Adhesion formation was also evaluated during graft dissection. Two samples in each group were qualitatively examined for histologic characteristics and cell viability.
Phase I, Tendon Repair Failure and Scar Digit Creation
The dogs were anesthetized with intravenous ketamine (10 mg/kg) and diazepam (0.6 mg/kg) and anesthesia was continued with isoflurane inhalation during surgical procedure. A randomly selected left or right forelimb was shaved, scrubbed with povidone-iodine, and sterilely draped. A tourniquet was used to exsanguinate the forelimb to minimize bleeding. The FDP tendons of the second and fifth digits were approached through a lateral incision. The flexor sheath was excised with only the proximal and distal pulley preserved. The FDP tendon was lacerated at the proximal interphalangeal joint level. A 5-mm segmental tenectomy was made in the FDP tendon to increase repair tension. Following laceration, tendon repairs were performed using a 2-strand modified Kessler technique with 3/0 Ethibond suture (Ethicon, Somerville, NJ) and a simple running suture with 6/0 nylon. The incisions was closed in layers, subcutaneous and skin, using 4/ 0 Vicryl (Ethicon) in an interrupted suture technique. Intramuscular antibiotics were administered perioperatively. The dog was observed in the recovery room for the first 24 h after operation. The animal was then allowed immediate cage activity, while wearing a special jacket to prevent weight bearing for the first 5 days postoperatively.
Bone Marrow and BMSC Harvest At 3 weeks following tendon repair failure surgery, bone marrow was harvested from each dog for BMSC expansion.
An 8-ml quantity of bone marrow was extracted from each proximal head of the tibia using a 20-ml syringe containing 2 ml of heparin solution and a bone aspiration needle (16 gauges by 2.668 inches). The heparin and bone marrow solution was added to 5.0 ml of phosphate buffered saline and centrifuged at 1,500 rpm for 5 min at room temperature. The supernatant was removed and the bone marrow pellet was resuspended in cell culture medium. Three equal aliquots of the suspended bone marrow were placed in 100-mm cell culture dishes with 10 ml of cell growth medium, which consisted of minimal essential medium with Earle's salts (GIBCO), 10% fetal bovine serum, and 1% antibiotics (Antibiotic-Antimycotic; GIBCO). The bone marrow cells were incubated at 37˚C in a 5% CO 2 humidified incubator. After 3 days, the medium containing floating bone marrow cells was removed and replaced with new medium. The adherent cells were considered BMSCs. After 70-80% confluence was reached; the BMSCs were removed with trypsinethylenediaminetetraacetic acid (25% trypsin) and subcultured in Petri dishes. Cells from passage three through five were used for the experiment.
Allograft Tendon Preparation
A total of 14 FDP tendons were harvested from four dogs that were sacrificed through the other IACUC-approved proposals. The second to fifth FDP tendons were harvested with the distal phalanx attached. A total of six slits (2 mm in both length and interval) was made laterally on both sides of the tendon starting at 7 mm to distal bony attachment (Fig. 1) . The tendons were then decellularized and lyophilized in a lyophilizer (Millrock Technology Inc.) in accordance with our established protocol. 26 The allograft tendons received gas sterilization and were stored until use. 27 Phase II, Flexor Tendon Reconstruction A 6 weeks after the first operation, the dogs were anesthetized. A peroneus longus tendon from a randomly selected hind leg was harvested for autograft tendon. An 18-gauge needle was used to aspirate 0.5 ml of synovial fluid from a knee, or from both knees if 0.5 ml was not achieved in one knee. The allograft tendons were seeded with BMSCs in each prepared slit (Fig. 1 ). With six slits in each tendon, the BMSCs were seeded with a density of 2Â10 7 cells/ml in media with 10 ml of the cell slurry using a micropipette, Figure 1 . Allograft (flexor digitorum profundus) tendons were prepared before the surgery with six slits (1) and a distal small bone piece attached (4) . Each slit was used as a pocket to host and seed cells (2) . During graft surgery, bone marrow stromal cells were pipetted into each slit before surface coating (3).
REVITALIZED AND SYNOVIALIZED ALLOGRAFT resulting in 2Â10 5 cells in each slit (Fig. 1) . The cell density was chosen based on the previous reports. 28, 29 After cell seeding, the tendon was treated with cd-SYN of the following formula: 46% native synovial fluid, 10% gelatin (Sigma), 1% 1-ethyl-3-([3-dimethylaminopropyl] carbodiimide hydrochloride) (Sigma), and 1% N-hydroxysuccinimide (Sigma) in 0.1 M of 2-[N-morpholino] ethanesulfonic acid buffer (Sigma) (pH, 6.0). The ratio of the cd-SYN was also based on the previous publication. 30, 31 After both the autograft and the revitalized and synovialized allograft were prepared, two previously operated digits (second and fifth) were reconstructed randomly with either an autograft or allograft randomly with surgical procedures described previously. 23 Briefly, the distal FDP insertion site was exposed. The FDP tendon was sharply transected at 5 mm to its bony attachment. The distal 5-mm tendon stump with its insertion was preserved. A bone tunnel beneath the FDP tendon attachment was created for the tendon graft distal attachment with a 3-mm diameter drill. The remaining tendon with scar and adhesion formation was carefully dissected with the proximal pulley preserved to create a tendon canal in the zone II area. Exposure of the ruptured tendon's proximal portion was accomplished with a longitudinal incision at mid metacarpal. The proximal ruptured stump was removed, leaving a sufficient length of proximal normal FDP tendon for graft repair. Following the recipient digit preparation, the tendon graft was pulled through the proximal tunnel by a towing suture. The distal end of the graft (with a bony structure in allograft) was inserted into the bone hole created in the distal phalanx and repaired with a typical Bunnell button technique. 25 The digit was adjusted in a nurture position and then the proximal graft was repaired with recipient FDP tendon with step-cut technique. 32 Following tendon graft surgery, the dog had a high radial neurectomy to prevent surgical limb from weight bearing, as previous reported procedures. 33 After the operation, the surgical limb was placed in a special jacket to maintain placement of the operated paw underneath the chest. Intramuscular antibiotics were administered for 7 days postoperatively. The radial neurectomy and jacket position resulted in the surgical dog not being able to bear weight on the operated limb. The dog started rehabilitation on postoperative day 5. Daily for 6 weeks, a synergistic wrist digit motion was performed for 5-10 min until the day the dog was humanely sacrificed. 34 After the dogs were sacrificed, their operated digits were immediately harvested and evaluated in digit function, gliding resistance, mechanical properties, and cell viabilities of the grafts.
Evaluation of Digital Function With Work of Flexion and Joint Range of Motion
Using a previously established method, digital function was assessed on the basis of the normalized work of flexion (nWOF). 23, 25 The total work of flexion (WOF) at the maximum metacarpophalangeal (MCP) joint was calculated from tendon displacement versus tendon-loading curve in digital flexion and was normalized (i.e., nWOF) by total proximal interphalangeal (PIP) and distal interphalangeal (DIP) joint angles using previously established methods. 23 The range of motion (ROM) of the MCP, PIP, and DIP joints under a 2-Newton force applied to the FDP tendon was also calculated. The ROM was measured from digit in extension to full flexion, thus indicating the total degree of digit flexion.
Evaluation of Adhesions
After WOF testing, the adhesion status of each digit was evaluated by determining the gross adhesion score within the flexor sheath and the tendon bed in zone II. The flexor sheath was opened through an area distant from the repair site. The adhesions at two sites between the tendon and the pulley, sheath, and between the tendon and tendon bed were separately graded according to previously described scoring criteria. 35 Adhesion scores at each site ranged from 0 zero (no adhesion) to four (severe). Therefore, the total adhesion score in the two sites ranged from 0 to 8. Scores were determined by two investigators (T.Z. and R.L.R.) in blinded fashion first and any disagreements were resolved by consensus.
Evaluation of Tendon Gliding Resistance
After evaluation of adhesion in zone II, the tendon graft was further dissected for testing of gliding resistance and performed with a custom tendon pulley-friction testing apparatus, as previous described. 35 The tendon graft was transected 15 mm proximal to the distal attachment site, and the proximal pulley and the proximal phalanx were mounted on a clamp. A 4.9-Newton resistance load was applied, and gliding resistance was measured between the tendon and proximal pulley.
Evaluation of Mechanical Strength at Distal and Proximal Graftto-Host Repairs
The repair strength of the distal attachment was assessed using a previously developed protocol. 22 Briefly, the proximal 10 mm of the tendon stump were wrapped with a 3-0 silk suture (Ethicon US, LLC) to improve the clamp's grip on the tendon during testing. The distal phalanx was mounted to the materials-testing machine (MTS Systems Corp) with use of a custom grip. The proximal repair site also was harvested, including part of host FDP tendon and graft tendon with the repair in the middle. The host FDP tendon at the proximal end and the graft tendon at the distal end were mounted on the materials-testing machine by custommade tendon clamps. The tendon graft was distracted at a rate of 20 mm/min until failure. Force and actuator displacement data were recorded at a rate of 50 Hz. Peak force was identified and the stiffness was calculated from the slope of the linear region of the force-displacement curve.
Evaluation of Histologic Characteristics and Cell Viability
Two tendons each from the intact, autograft, and allograft groups underwent histologic evaluation of proximal and distal repair sites. Samples were fixed in formalin, embedded in paraffin, and cut longitudinally into 7-mm sections. Sections were stained with hematoxylin and eosin (H&E) to assess tendon-to-tendon healing at the proximal site and tendon-to-bone healing at the distal site of the repair.
Seeded cells in allograft were tracked with cell tracker to identify the origin of cells in two samples. The BMSCs of two dogs were labeled with DiI cell-labeling solution (Molecular Probes) before they were seeded into slits of allograft tendon with our established methods. 36 Following animal death, the fresh graft tendons were obtained and stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) (20 mm/slide) and observed with a confocal microscope (LSM310; Zeiss).
Statistical Analysis
All quantitative data are presented as mean and standard deviation (SD). Since the three groups (intact, saline solution, and allograft) came from the same animal, repeated-measures
of analysis of variance were used to analyze the digit nWOF, the digit joint ROM at the points of 2 and 5 Newton, adhesion score, proximal adhesion breaking force, gliding resistance, distal attachment strength, and proximal repair strength (SPSS 14 software; IBM Corp). Significance was set at p < .05 in all cases.
RESULTS
The rupture of all repaired FDP tendons was expected and confirmed during the reconstruction surgery with scar formation on the tendon, pulley, and tendon bed, which indicated a reliable tendon repair failure model for the tendon reconstruction. All surgical wounds except two in the allograft group had healed without infection by postoperative week 6. Two digits in the allograft group showed infection. One case was a slight superficial infection at the proximal repair site that did not affect deep tissues. The other case was a deep infection in zone II. Both sites were healed before the dog was sacrificed. No graft ruptures were detected at the proximal or distal repair sites in either repair group.
The allograft group showed significantly lower nWOF than the autograft control group at the point of maximum MCP joint motion (p < .05), and both groups had significantly higher nWOF than the intact group (p < .05 for allograft group and p < .001 for autograft group) (Fig. 2) . Under a 2-Newton force applied to the FDP tendon, the total ROM of the three joints (MCP, PIP, and DIP) was significantly greater in allograft group (mean [SD], 103.2 [12.6] ) than the autograft group (71.1 [11.4] ) (p < .001). However, the total joint ROM in both graft groups was significantly less than the normal digit (131.4 [11.5]) (p < .001) (Fig. 3) . The MCP and DIP motion of the allograft group was significantly larger than of autograft group (p < .05) (Fig. 3) . In gross observation, more adhesion formation around the graft tendon was noticed in autograft tendons, but in contrast, less adhesion was observed in allograft tendons (Fig. 4) . The adhesion score of the allograft group was significantly lower than that of the autograft group (p < .001) (Fig. 5A) . No significant difference was found regarding gliding resistance between allograft and autograft, but both of the treated groups showed significantly greater gliding resistance than the intact tendons (p < .001) (Fig. 5B) . The strength to failure and stiffness of the distal attachment (Fig. 6 ) and proximal repair (Fig. 7) in the allograft group were significantly less than the autograft group (p < .05).
In histologic observations with H&E staining, similar collagen size, orientation, and density were observed in allograft and autograft tendons, as compared with native FDP tendon sections (Fig. 8) . Abundant adhesions were observed on the surface of autograft tendon, which contained granulation and fibrotic connective tissue (Fig. 8D-8F) . However, the treated allografts had a smooth layer of paratenon covering the tendon surface without evident adhesion to the surrounding tissues, and the transplanted BMSCs within the allograft slits were observed at 6 weeks after surgery (Fig. 8G-8I ). In evaluation with the confocal microscope, the viable cells labeled by DiI cell tracker were observed in the slits of allograft at 6 weeks after grafting (Fig. 9) .
Distal tendon-to-bone incorporation was seen at the tendon insertion sites in both allograft and autograft groups, but unlike normal FDP tendon insertion (Fig. 10A) , the fibrocartilage transitional zone was missing. The autograft showed a good tendon-to-bone incorporation with Sharpey's fiber at the interface (Fig. 10B) , which did not show in the allograft tendon (Fig. 10C) . The proximal repair site of the autograft showed good healing at the interface of host tendon and graft (Fig. 11A and B) . In contrast, a small gap was observed between the host tendon and the allograft tendon with a hypercellular characteristic, especially at the host tendon ( Fig. 11C and D) . However, no inflammatory cells were observed.
DISCUSSION
Flexor tendon reconstruction is an important surgical procedure to restore hand function when a primary repair has failed or a primary repair cannot be performed due to the size of the tendon defect, as occurs in crush or avulsion injuries. [37] [38] [39] Although autologous tendon grafting is the clinical standard when there is a need to replace an injured flexor tendon, the clinical outcomes are often unsatisfactory, due to postoperative adhesions. 1, 10, 40 Two-staged grafting as described by Hunter et al, 38 attempts to reduce adhesions by creating a tendon pseudosheath around a silicone implant in a first stage, followed by conventional grafting in the second stage, but complications still occur in more than 50% of patients. 37, 41, 42 Since most tendons have an important primary function, donor site morbidity is also an important concern after any autologous tendon grafting procedure. Furthermore, autograft tendons-regardless of whether 1-or 2-staged-are extrasynovial, and thus do not truly replace like with like, since the damaged tendons are intrasynovial. The result is increased adhesions between the graft and flexor sheath that further jeopardize hand function. 10, 43, 44 Acellular allograft tendon has been suggested as a new possibility for flexor tendon reconstruction. 11 The advantages of the allograft tendon include abundant availability, useful whenever multiple tendon reconstructions are needed; the potential for off-the-shelf access; the absence of donor site morbidity; the potential for faster and more expeditious operations and cost reductions due to shorter operative time. 11, 12, 45 However, there are also disadvantages to the use of an allograft tendon, including the potential for surface damage during preparation and storage 26 and of course the fact that a dead tendon must eventually be recellularized by the host, leading to delayed healing. 20, 46 One possibility to overcome some of the disadvantages of an allograft tendon is to deliberately recellularize it at the time of implantation. A recent in vitro study . At 6 weeks after tendon graft, the treated allograft (top) had a smooth surface without adhesion around the graft, and distal and proximal conjunction repairs seemed integrated with recipient tissues (proximal flexor digitorum profundus tendon and distal phalanx). However, the autograft showed massive adhesions around graft tendon and distal and proximal repairs as well (bottom). (A) Adhesions were scored in the zone II area at 6 weeks after reconstruction. The allograft showed a significantly lower adhesion score than the autograft tendon (decreased 3.1 folds). (B) The mean gliding resistance of the two groups was significantly increased compared with intact tendon. The allograft showed a slightly greater force than the autograft (increased 28%), which may be caused by the thicker allograft tendon when tested through a pulley. Error bars indicate SD; asterisks, p < .05.
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ZHANG ET AL. suggested that this might be possible, by seeding BMSCs into multiple slits in a tendon allograft. 47 In that study, the cells seeded in the graft were viable after 2 weeks in tissue culture. However, whether this revitalized allograft can survive in an in vivo condition is unclear. Flexor tendon surface modification with carbodiimide derivatized synovial fluid and gelatin has also been reported in an in vitro model. The carbodiimide reaction covalently binds the synovial fluid to the tendon surface, using the gelatin as a grout. Although the results demonstrated that allograft tendon with this modification improved the tendon gliding ability in vitro, it is unclear whether this modification would, indeed, effectively improve digit function after tendon reconstruction, without also serving as a barrier to recellularization. The present study, for the first time to our knowledge, has brought these two concepts from an in vitro study to an established large animal model in vivo. If the study had been completely successful, we would have come closer to a clinically applicable, engineered tendon allograft that could become an off-the-shelf, functionally valuable alternative to a conventional tendon autograft. However, our data showed mixed results.
On the positive side, digit function was improved significantly in allograft tendons coated with cd-SYN and seeded with BMSCs compared with the autograft reconstruction. This improvement was indicated by a lower nWOF and adhesion score and greater joint motion under a 2-N force in the allograft tendons compared to the autograft tendons. Although no significant difference was found in graft gliding resistance between allograft and autograft, a qualitatively smoother appearing tendon surface was observed in the treated allograft tendons. The BMSCs that had been implanted in the slits migrated to the tendon substance. In contrast, the autograft tendon led to an inferior digit function due to adhesion formation compared to the allograft, although adhesion may enhance the graft-host conjunction healing strength which was demonstrated in our study.
On the negative side, the present study has shown that the allograft tendon, although seeded with autologous BMSCs, had a significantly weaker healing at both the distal tendon-to-bone junction and the proximal tendon-to-tendon junction, as indicated by lower breaking strength and stiffness, despite the fact that Figure 6 . The force to failure (A) and stiffness (B) of the distal attachment were significantly less in the allograft group than the autograft group (decreased 43 and 51%, respectively). Error bars indicate SD; asterisks, p < .05. Figure 7 . The force to failure (A) and stiffness (B) of the proximal repair was significantly less in the allograft group than the autograft (decreased 36 and 43%, respectively). Error bars indicate SD; asterisks, p < .05.
REVITALIZED AND SYNOVIALIZED ALLOGRAFT the diameter of the autograft PL tendon is much smaller than the allograft FDP tendon. Other investigators have also reported that allograft tendon had inferior tendon-to-bone healing capacity in both flexor tendon and anterior cruciate ligament reconstruction compared to autografts. 23, 35 We also noted that the larger size of the allografts sometimes exceeded the diameter of the pulley through which the graft tendon was pulled, resulting in greater gliding resistance.
Finally, while cell-based therapy to enhance tendon healing and regeneration has been reported recently with promising results, [48] [49] [50] our results demonstrated that transplantation of BMSCs does not fully restore the healing capacity at graft-to-host junctions, at least at postoperative week 6. Two allograft digits became infected. The wounds healed following antibiotic administration and daily wound care. These two cases might be a coincidence, but allograft tendon preparation may Figure 8 . Hematoxylin-eosin images of the two grafting groups compared with the normal tendon. Normal flexor digitorum profundus tendon showed smooth surface in cross section (A) and longitudinal section (B and C). In the autograft group, adhesions were observed around the tendon (D, cross section; E and F, longitudinal section). In contrast, allograft tendon showed a smooth surface without adhesion formation (G, cross section; H and I, longitudinal section). A slit was observed within the tendon, and seeded cells were residual in the slit, with many cells migrating into tendon fiber nearby. Figure 9 . Bone marrow stromal cells (BMSCs) were labeled with DiI cell tracker (red) and DAPI (blue) before seeding into the allograft tendon. Laser scanning confocal microscope image showed that the labeled BMSCs (red arrows) seeded in the slits (white arrows) were still within the tendon slit, with some migration (blue arrows) after 6 weeks' tendon graft. DAPI indicates 4 0 ,6-diamidino-2-phenylindole. increase the risk of infection. For clinical application, stricter preparation standards will be needed.
Ji et al 31 recently reported that autograft tendon treated with cd-SNY-gelatin improved digit function without any conjunction rupture at either proximal or distal repair after 6 weeks of tendon reconstruction. Zhao et al, 23 however, reported a 28% distal rupture rate for allograft treated with carbodiimide-derivatized hyaluronic acid and gelatin (CHG) and 14% for allograft alone for flexor tendon reconstruction at 6 weeks. These results may indicate that rupture rate of allograft is higher than autograft due to the decellularized nature of the allograft. Chemical modification of the allograft surface with CHG may also affect the conjunction healing. 51 However, in the current study, both allograft and autograft did not show any conjunction rupture, which is a key outcome for graft integrity. Furthermore, histologic staining showed cell infiltration in the host and graft tendons at both the bone-to-bone distal repair and tendon-totendon proximal repair. Histologic images also showed viable BMSCs in the slits 6 weeks after seeding. In addition, the seeded cells migrated into the surrounding tendon. These short-term results for graft incorporation seem promising, and may lead to better healing strength in longer term follow-up.
This study had several limitations. First, only one time point (6 weeks) was used to assess postoperative function. Long-term follow-up should be investigated in the future. Second, except for cell viability staining, no quantitative cellular or molecular analyses were performed. Third, we could not separate the effects of tendon surface synovialization from the cell-based therapy for allograft revitalization because we did not test each individual treatment. We used different surgical techniques for the distal and proximal repairs of the allograft and autograft, and combined two treatments (surface modification and BMSCs implant) that were not studied separately. Finally, the graft structures were not quantitatively assessed histologically, since only two samples were assigned in each group. The hematoxylin-eosin staining of graft distal attachment harvested 6 weeks after graft showed that the distal part of the two groups compare with the normal tendon-to-bone attachment. The distal attachment site of the autograft showed a good tendon (black arrow) and bone (white arrow) incorporation with Sharpey's fiber (blank arrows) at the interface (B), which did not show in the allograft tendon (C). Figure 11 . The proximal repair between graft tendon (black arrow) and recipient flexor digitorum profundus tendon (white arrow) showed good healing at the interface of host tendon and graft (A and B). In the allograft group, a small gap was observed between host tendon and allograft tendon with a hypercellular characteristic, especially at the host tendon (C and D). No inflammatory cells were observed. Mag indicates magnification.
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In conclusion, we have investigated a potentially clinically applicable, engineered tendon allograft, "synovializing" the graft surface using chemically modified autologous synovial fluid and revitalizing the graft using autologous BMSCs. This engineered allograft was tested and compared with an untreated tendon autograft for flexor tendon reconstruction in a canine model. We found that synovialization of allograft tendon improved digit function, decreased adhesion formation, and increased ROM at 6 weeks following flexor tendon reconstruction. We also found that BMSCs seeded into the allograft survived for 6 weeks after tendon reconstruction, which may accelerate allograft revitalization and shorten the allograft turnover in the longer term. However, the cell-based therapy used in the study did not fully rescue the healing capacity of the allograft to the level of an autograft at 6 weeks after reconstruction. Future studies on cell sources, density, seeding techniques, and bioactive stimulation are essential to optimize cell-based technology for tendon regeneration. 
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